MITEs is generally small, typically less than 600 bp, MITEs are often located adjacent to genes and are 1 1 2 often transcriptionally active. As such, they have been hypothesized to contribute to the evolution of gene regulation (16, 17) . In total, we identified 13 MITE families in the genome of N. attenuata, several of expanded MITE families, a Solanaceae-specific subgroup of the Tc1/Mariner defined by DTT-NIC1 is 1 1 6 the most abundant. By analyzing insertion positions of this subgroup, we found that DTT-NIC1 copies, 1 1 7 similar to other DNA transposons, are significantly enriched within a 1 kb region upstream of the genes in Nicotiana further showed that insertions of DTT-NIC1 are significantly enriched within the 1 kb upstream 1 2 0 region of herbivory-induced early defense signaling genes in N. attenuata, and may have contributed to peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017;  Innovations in metabolic and signaling network architecture are thought to result from the rapid 1 2 4 rewiring of tissue-level gene expression patterns following duplications events (19, 20) . To examine this 1 2 5 inference, we compared the genome-wide expression divergence between duplicated gene pairs and
analyzed the effects of DTT-NIC1 insertions into 1 kb upstream regions of each member of the gene pairs.
2 7
Insertions of the DTT-NIC1 family were associated with significant divergences in expression and tissue Evolution of nicotine biosynthesis.
3 2
To further understand the role of gene duplication and TE insertions on the evolution of
Nicotiana adaptive traits, we reconstructed the evolutionary history of the nicotine biosynthesis pathway, involves the synthesis of a pyridine ring and a pyrrolidine ring which are coupled most likely via the 1 3 6 action of genes coding for an isoflavone reductase-like protein, called A622, and the berberine bridge However, the timing and mode of duplications of these two pathways differ and reflect the Solanaceae. Duplications that gave rise to the branch extension of the polyamine pathway required for the 1 4 4 biosynthesis of the signature alkaloids of Solanaceae and Convolvulaceae (e.g., tropane in many genera peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017; 1 6 1 duplication events ( Fig. S11 and S12 ). BBLs are thought to be involved in the late oxidation step in 1 6 2 nicotine biosynthesis that couples the pyridine and pyrrolidine rings, and therefore constitute a key 1 6 3 innovation in the Nicotiana-specific synthesis of pyridine alkaloids. BBLs exhibiting clear root expression 1 6 4 specificity and likely evolved through neofunctionalization after gene duplications (Fig. S13 ).
6 5
Tissue-level RNA-seq transcriptome analyses in N. attenuata confirmed that while ancestral 1 6 6 copies exhibit diverse expression patterns among different tissues, all of the duplicated gene copies 1 6 7 recruited for nicotine biosynthesis are specifically expressed in roots ( Figure 3b ) and also specifically 1 6 8 transcriptionally up-regulated in response to herbivory via the jasmonate signaling pathway (25). Experimental work has shown that the transcription factors of the ethylene response factor (ERF189) peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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an ERF cluster (6, 26) as a result of ancestral tandem duplications shared among Nicotiana, Solanum,
Capsicum and Petunia (Figure 4) . After the split between Nicotiana and Solanum, ERF189 was further nicotine genes(6), the acquisition of a root-specific expression by ERF189 in the ancestor of Nicotiana species likely played a critical role for the coordinated root expression of nicotine biosynthesis genes. While it is unclear whether all of these TE-derived GCC and G-box motifs are involved in regulating the 1 8 9 expression of nicotine genes, some likely are. For example, in the case of PMT1, a previous experimental 1 9 0 study revealed that the 650 bp upstream region, which specifically contained additional TE-derived GCC 1 9 1 motifs, had a much larger capacity to drive the expression of a reporter gene in Nicotiana roots than did 1 9 2 the 111 bp upstream region that lacked these motifs (28). Furthermore, all GCC and G-box motifs within The mechanisms of genome organizational evolution, such as genome-wide duplications and TE expansions, facilitated the evolution of several aspects of the anti-herbivore defense arsenal including a 1 9 6 key metabolic innovation in Nicotiana species. These results are consistent with the hypothesis that TEs,
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remodeling that is required for the evolution of adaptive traits. Since native Nicotiana species do not 1 9 9 survive in nature without the ability to produce large quantities of nicotine to ward off attackers, it is 2 0 0 likely that this 'junk' has inspired innovation essential for their survival (29).
We sequenced, de novo assembled, and annotated the two genomes of two species of Nicotiana, transposable elements, smRNAs and transcriptomic atlas (SI Appendix Table S1 -S5, Dataset S1-S9) of N. attenuata enable comparative analysis to illuminate the evolution of specialized metabolites and novel
adaptive traits in Solanaceae as demonstrated by our in-depth genomic analysis on the evolution of 2 0 7 nicotine biosynthesis. Plants were grown as previously described (30). The genomic DNA sequenced by 454 and 2 1 1 Illumina HiSeq2000 technologies was isolated from late rosette-stage plants using the CTAB-method(31). The two N. attenuata DNA plants used for this extraction were from a 30th generation inbred line, 2 1 3 referred to as the UT accession, which originated from a 1996 collection from a native population in Preserve, Saint George, Utah, USA. High molecular weight genomic DNA used to generate the optical 2 1 7 map of N. attenuata was isolated using a nuclei based protocol (32) from approximately one hundred and origin as used for the short-read sequencing. peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017;  11 To reduce the potential effects of secondary metabolites on single molecular sequencing, the plant hydroxygeranyllinalool diterpene glycosides), both generated from the 22nd inbred generation of the 2 2 6 same origin as the N. attenuata plants described above (30). Genomic DNA was isolated from Genome sequencing and assembly
For N. attenuata, the Illumina HiSeq2000 system was used to generate a high coverage whole 2 3 1 genome shotgun sequencing (WGS) of the genome based on short reads (2 × 100 bp or 2 × 120 bp). Different paired-end libraries were constructed using the Illumina TruSeq DNA sample preparation kit v2. The fragment size distribution maxima were observed at 180, 250, 600 and 950 bp. Additionally, two 2 3 4 mate-pair libraries were constructed using Illumina mate-pair library preparation kit v2, which had their genome-wide coverage of long reads (median read length 780 bp) was generated by the Roche/454 GS 
12
The overall assembly workflow for N. attenuata is shown as Fig. S3 . All paired-end reads from 2 4 6 the sequenced libraries were assembled using the Celera Assembler (CA7) with a minimum read length 2 4 7 cut-off at 64bp. Preliminary tests showed that single end or short reads did not improve the assemblies, expected genome size of N. attenuata is of 2.54 Gb based on coverage of the "larger than N50 length 2 5 0 unitigs", similar to the estimation (1C=2.5pg) from the flow cytometry analysis. We used the SSPACE v2 2 5 1 scaffolder to further improve scaffolding using the mate-pair data and filled gaps using GapCloser v1.12 2 5 2 (33). After manual inspections, we found that certain neighboring contigs in the scaffolds still contained 2 5 3 overlaps, which might be due to the assembly process from CA7 that places copies of repeat sequence at gaps between overlapped contigs, we compared neighboring contigs using BLASTN (min. identity The assembly scaffolds from short reads were used for gap filling and further scaffolding using PBJelly (v15.8.24)(34) with ~10x PacBio reads (N50=14.9 kb, max read length =48.9 kb), which resulted 12-15% errors, we performed an additional correction step using short reads with PILON(35). In total, 2 6 2 98.2% of the draft assembly was confirmed by short reads and ~1.3 Mb sequences were corrected by 2 6 3 PILON. The PILON corrected assembly was further mapped to the 10x PacBio reads using BLASR and 2 6 4 used SSPACE-longreads for the second round scaffolding, which increased the N50 scaffold size to 292 2 6 5 kb.
6 6
To assemble the N. obtusifolia genome, we employed a hybrid strategy in which we first 2 6 7 assembled all short reads by a 'de Bruijn graph' assembler using idba-ud v1.1.1 (36), and then assembled 2 6 8 the locally re-assembled contigs and a subset of the short read data by an 'OLC' long read assembler 2 6 9 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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Analyses of 248 conserved core eukaryotic genes using the CEGMA(37) pipeline indicated that 2 7 2 both N. attenuata and N. obtusifolia assemblies were only slightly less complete in full-length gene 2 7 3 contents than that of the tomato genome (86.7%) and similar to the assembly of the potato genome 2 7 4 (83.9%) ( Table S2) . with the parameters (-engine ncbi). We identified 667 consensus repeat sequences (1.3 Mb total size) in
the N. attenuata genome. To classify these consensus repeat sequences, additional annotation using TEclass (38) was applied for repeats that were not classified by RepeatModeler. Among all identified 4.0.5) using parameter "-e ncbi -norna". We further re-annotated transposable elements using the N. To make the results comparable, we used the same approach to de novo identify the TE library of S. MITEs in Nicotiana were annotated in two steps. First, MITE-Hunter (41) was used to find MITE 2 8 7 families in the N. attenuata genome using default parameters, except "-P 0.2". Following the manual of 2 8 8 MITE-Hunter, the identified MITE candidate families were first subjected coverage evaluation using 2 8 9
TARGeT. The output results were manually inspected and only the MITE families that showed even 2 9 0 distribution of coverage were selected. Then these selected candidate MITE families were manually 2 9 1 checked for their terminal inverted repeats (TIR) and target site duplications (TSD). In total, 15 MITE 2 9 2 families were initially identified. We then assigned these 15 MITE families to different super-families and 2 9 3 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017;  14 classes based on sequence homology to a P-MITE database. Two MITE families that showed no 2 9 4 homology to any known MITE sequences were excluded from the downstream analysis. Second, using 2 9 5 these 13 MITE consensus sequences as a library, we identified the copy number of each MITE family 2 9 6 using RepeatMasker with parameters "-nolow -no_is -s -cutoff 250". A complete MITE sequence was 2 9 7 defined as being no more than 3 bp shorter than the representative sequence. The multiple sequence 2 9 8 alignment and neighbor joining tree construction of the DTT-NIC1 family were performed using 2 9 9
ClustalW. The N. attenuata genome was annotated using the Nicotiana Genome Annotation (NGA) pipeline, gene model was specifically trained for N. attenuata using RNA-seq data from major plant tissues, and 3 0 5 gene models were predicted using unmasked genome sequences. The repeat regions were here given less 3 0 6 probability to be predicted as a gene, in particular when RNA-seq evidence was missing. For MAKER2 ab initio gene predictors (GeneMark and Augustus) that were each trained with full-length transcripts; 2) 3 1 0 Trinity (v. r20131110) assembled transcripts using RNA-seq data from major tissues; 3) UNIREF90 plant The predicted gene models from hg-Augustus were filtered based on their repeats contents. All genes with repeats occupying more than 50% of the gene length were removed, and genes were retained if less than 10% of their sequence matched to repeats. For genes that contained repeats occupying 10-50% of their entire gene length, we performed an additional search of the plant Refseq database using 3 1 8 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017; analysis. In total, 35,737 gene models from hg-Augustus predictions were retained. For MAKER2 3 2 1 predicted gene models, in addition to the filtering based on repeat content as described above, the gene 3 2 2 models that had low evidence support were removed from downstream analysis (eAED <= 0.45, this 3 2 3 cutoff was set after manual inspections on the predicted gene models). In total 33,274 gene models from pipelines were then combined and overlapping gene structures were removed. After manual inspections, we found that hg-Augustus outperformed MAKER prediction when the pipelines predicted different gene predicted models from both hg-Augustus and MAKER2 predictions, genes with pre-mature stop codons were considered as pseudogenes and were removed from the downstream analysis. The predicted gene 3 3 1 models were then transferred to N. attenuata genome release v2.0 using a custom script which first 3 3 2 identified homologous regions using BLAST and then predicted gene structure using GeneWise. This were supported by at least 50 RNA-seq reads. Because gene models within a genus are usually conserved, protein coding gene models. Using all predicted gene models from N. attenuata, we predicted protein RNA was isolated from plants of the same origin and inbred generation as described above for N. peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/107565 doi: bioRxiv preprint first posted online Feb. 10, 2017;  16 instructions of the manufacturer. DNA was removed from all RNA preparations using TURBO™ DNase The raw sequence reads were trimmed using AdapterRemoval (v1.1) with parameters "--collapse To estimate the expression level of assembled genes and transcripts, all trimmed RNA-seq reads TPM greater than five in at least one sample were considered as expressed. Similarly, only the transcripts with TPM greater than one in at least one sample were considered as expressed. Comparative genomic analysis 3 6 0
We assigned genes to homologous groups (HGs) using a similarity-based method. For this, we 3 6 1 used all genes that were predicted from the 11 genomes, listed in Table 1 . All-vs-all BLAST analysis was 3 6 2 used to compare the sequence similarity of all protein coding genes, and the results were filtered based on 3 6 3 the following criteria: e-value less than 1e-20; match length greater than 60 amino acids; sequence 3 6 4 coverage greater than 60% and identity greater than 50%. All remaining blast results were then clustered into HGs using a Markov clustering algorithm (MLC) (46). We constructed a phylogenetic tree for all identified HGs using an in-house developed pipeline 3 6 7 (SI appendix). peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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